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1.0  Summary 


This  Technical  Report  describes  transmit  instrumentation  assembled,  using  relatively 
inexpensive  commercial-off-the-shelf  (COT)  components,  for  use  in  investigating  the 
performance  of  frequency  diverse  array  (FDA)  antennas  for  tactical  communications.  Brief 
descriptions  of  the  test  set-ups  are  provided.  Test  results  are  included  for  gauging  expected 
operational  performance  for  field  tests  and  measurements. 
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2.0  Introduction 


New  signal  processing  techniques  and  new  array  antenna  designs  will  allow  for  the  deployment 
of  communication  and  radar  systems  capable  of  transmitting  sophisticated  signals  that  vary 
jointly  as  a  function  of  frequency,  space,  and  time.  Typically,  when  one  considers  low 
probability  of  intercept  (LPI)  transmissions  it  is  usually  in  terms  of  waveforms  that  employ 
spread  spectrum  and/or  frequency  hopping  techniques  or,  perhaps  in  the  case  of  radars,  array 
antennas  that  exhibit  either  low  or  ultra-low  sidelobe  pattern  characteristics.  In  most 
instances,  LPI  waveforms  and  LPI  antennas  are  designed  independent  of  one  another.  However, 
newer  LPI  techniques  take  advantage  of  joint  frequency,  space,  and  time  performance 
dependencies  of  the  waveform  and  array  antenna  to  create  signals  that  are  extremely  difficult 
to  detect,  characterize  and  identify. 

The  objective  of  this  in-house  effort  is  to  assemble  a  bare-bones  multi-channel 
transmitter,  capable  of  generating  a  limited  set  of  waveforms,  for  the  purpose  of  measuring 
signal  characteristics  with  respect  to  frequency,  space  and  time  variation  for  evaluation  of  FDA 
utility  in  military  radio  frequency  (RF)  applications  i.e.,  secure  communications  and  radar. 
Rather  than  apply  a  linear  phase  shift  across  an  array  of  radiating  antenna  elements  an 
incremental  frequency  adjustment  is  made  to  each  transmit  channel  to  generate  an  antenna 
pattern  that  is  a  function  of  range,  time  and  angle.  [1  -  5]  Figures  1  and  2  illustrate  the 
respective  differences  in  the  array  factors  calculated  for  an  eight-element  electronically 
scanned  array  (ESA)  and  an  eight-element  frequency  diverse  array  (FDA). 


Figure  1:  Conventional  Electronically  Scanned  Array  CW  Pattern. 
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Figure  2:  Frequency  Diverse  Array  CW  Pattern. 


In  each  of  the  two  Figures  the  upper-left  pattern  is  a  three-dimensional  cylindrical  plot 
of  the  array  factor,  the  lower-left  pattern  is  a  two-dimensional  cylindrical  plot  graphed  in  range 
versus  cross-range  dimensions,  and  the  lower-right  plot  is  the  array  factor  plotted  in  angle 
versus  range  dimensions.  The  differences  in  beam  pattern  shape  with  respect  to  range  and 
angle  are  readily  apparent.  Control  of  the  FDA  pattern  and  measurement  of  pattern  change  as 
a  function  of  time  will  be  affected  by  system  component  performance  characteristics.  Of 
primary  importance  is  both  the  setting  and  control  of  the  incremental  change  in  frequency 
established  across  the  transmit  elements.  Also,  waveform  generation  and  timing  control  will 
impact  how  pattern  measurements  are  made.  Given  that  this  effort  makes  use  of  relatively 
inexpensive  COTS  components  their  performance  may  negatively  impact  measurement 
outcomes. 

This  Technical  Report  examines  the  performance  of:  a  low-cost  waveform  generator  for  its 
ability  to  generate  a  simple  pulse  with  controlled  low-jitter  triggering;  a  low-cost  continuous 
wave  (CW)  signal  synthesizer  for  its  ability  provide  controlled  frequency  offsets;  and  a  GPS 
timing  system  for  its  ability  to  provide  a  stable  1  PPS  signal  used  in  data  collection 
synchronization.  Characterization  measurements  were  somewhat  limited  by  the  poor  quality 
test  equipment  available  for  laboratory  use. 
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3.0  Methods,  Assumptions,  and  Procedures 

One  of  the  goals  of  this  effort  was  to  develop  a  simple,  low-cost  test  set-up  for  investigating 
and  assessing  FDA  technology  for  potential  military  applications.  Meeting  these  design 
objectives  required  the  use  of  on-hand  components  and  instrumentation  whenever  possible. 
Likewise,  a  prime  determining  factor  when  selecting  and  purchasing  parts  and  supplies  was 
cost.  The  design  presented  in  the  following  sections  is  reflective  of  these  constraints. 

3.1  Test  Set-up 

The  test  set-up  employed  for  generating  a  simple  set  of  frequency-offset  waveforms  is 
illustrated  in  Figure  3.  While  the  design  allows  for  N-number  of  transmit  channels  only  four 
were  implemented  here.  Key  instruments  are  shown  in  Figure  4  during  bench-top  testing  and 
identified  in  Table  1. 


►Tx  N 


Figure  3:  Waveform  Generation  Test  Schematic. 
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Figure  4:  Waveform  Generation  Benchtop  Test  Set-up. 


Table  1:  Instrument  List. 


Instrument  Name: 

Part  No: 

Manufacturer: 

Note: 

Function  Generator 

33250A 

Agilent 

On-hand  Laboratory  Item 

GPS  Disciplined  Clock 
Module  w/Antenna 

Trimble®  Mini-T™ 
Evaluation  Board 

Trimble 

On-hand  item/Project  Residue 
installed  in  a  chassis  in-house 

Est.  Cost:  $  1200.00 

Waveform  Generator 

T346 

Highland 

Technology 

On-hand  Item/Project  Residue 

Est.  Cost:  $  4800.00 

RF  Signal  Generator 

TPI  Synthesizer 

Trinity  Power  Inc. 

Four(4)  procured  for  effort 
$  280.00  ea. 

Oscilloscope 

TDS2022B 

Tektronix 

On-hand  Laboratory  Item 

12  Port  USB  Hub 

USBG-12U2ML 

USBGEAR 

One  (1)  procured  for  effort 
$  88.00 

Distribution  Amplifier 

FS730/1 

Stanford  Research 

One  procured  for  effort 
$  1275.00 

10  MHz  Reference 

PRS10 

Stanford  Research 

One  procured  for  effort 
$2950.00 
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A  simple,  low-cost  waveform  generator  unit  used  to  create  either  a  burst  waveform 
consisting  of  unmodulated  pulses  or  a  continuous  wave  (CW)  signal.  Generating  a  burst 
requires  the  input  of  gating  pulses  that  are  output  by  a  function  generator  that  is  in-turn 
triggered  by  a  GPS  1  PPS  input  signal  (reference  the  circuit  diagram  provided  in  Figure  3). 
Function  generator  settings  determine  the  pulse  repetition  interval  (PRI),  pulse  repetition 
frequency  (PRF)  and  pulse  width,  as  well  as  the  number  of  pulses  in  any  particular  burst. 
Figure  5  illustrates  a  typical  triggering/gating  sequence. 


Figure  5:  Transmit  Waveforms. 


3.2  Waveform  Generator 

The  waveform  generator  (WG)  unit  includes  four  (4)  independent  direct-digital  synthesis  (DDS) 
based  waveform  generators,  the  outputs  of  which  are  available  on  the  front  panel  of  the  unit 
(designated  as  channels  0, 1,  2  and  3).  The  unit  also  has  four  (4)  additional  internal  waveform 
generator  channels,  the  outputs  of  which  are  not  externally  available,  that  can  be  used  as 
modulation,  summing,  or  control  sources.  Also  available  on  the  WG's  front  panel  are  inputs  for 
and  external  reference  clock  and  external  trigger  source  -  both  of  which  are  utilized  in  this  set¬ 
up.  An  RS-232  interface  is  used  for  instrument  control.  The  WG  unit  is  shown  in  Figure  6. 
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Figure  6:  Waveform  Generator, 


A  freeware  serial  port  terminal  emulation  program  (Terminal™  vl.91b)  was  loaded  on 
the  set-up's  laptop  computer  to  provide  a  quick  and  simple  means  for  communicating  with  the 
waveform  generator  unit  via  an  RS-232  port.  A  screenshot  of  the  Terminal™  GUI  is  provided  in 
Figure  7. 


Figure  7:  GUI  Screenshot  -  Terminal  "  vl.91b. 
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3.3  RF  Synthesizer 

A  low-cost  RF  synthesizer  module  was  selected  for  use  in  frequency  shifting  of  the  160  MHz 
intermediate  frequency  (IF)  band  signal  up  to  the  final  RF  transmit  frequency.  This  unit  utilizes 
an  Analog  Devices™  PPL  integrated  circuit  ADF4351®.  Specifications  for  the  unit  include:  an 
output  frequency  range  of  35  MHz  to  4400  MHz  using  fractional-N  and  integer-N  synthesizers; 
phase  noise  of  -91  dBc/Hz  measured  at  1  GHz  and  10kHz  offset;  typical  jitter  of  0.4  ps  rms;  and 
programmable  output  power  level  ranging  between  +10  dBm  and  -55  dBm.  An  external  input 
is  provided  for  a  10  MHz  reference  signal.  The  synthesizer  module  is  shown  in  Figure  8. 


Figure  8:  RF  Signal  Synthesizer  Module. 


The  Unit's  manufacturer  has  supplied  a  simple  GUI  called  SynthMachine™  which  can  be 
loaded  for  implementing  unit  control.  A  screenshot  of  the  supplied  GUI  is  provided  in  Figure  9. 


Figure  9:  GUI  Screenshot  -  SynthMachine™  control  panel. 


Approved  for  Public  Release;  Distribution  Unlimited. 
8 


3.4  RF  Up-converter  and  Power  Amplifier 

In  the  chosen  configuration  a  common  160  MHz  baseband  signal  is  generated,  in  the  1st  IF  up- 
converter,  and  then  split  N-ways  which  serve  as  the  inputs  to  N  transmit  channels.  Each  2nd 
stage  channel  is  identically  configured  to  up-convert  from  160  MHz  to  435  ±  Af  MHz.  Here  the 
frequency  offset,  Af ,  is  controlled  by  adjusting  the  output  the  2nd  local  Oscillator  (LO)  i.e.,  the 
RF  Synthesizer  module  described  previously  in  Section  3.3.  A  schematic  of  a  typical  transmit 
channel  is  provided  in  Figure  10.  The  1st  Upconverter  Module  and  1st  IF  Assemble  Unit  are 
project  residue  and  available  for  re-use  at  no  cost.  Key  circuit  components  are  identified  in 
Table  2. 


A.  First  IF  Stage 


-22  dBm 


160  MHz 
l“  IF  Signal 


Ml:  L  =  6  dB 

-20  dBm  0  dBm  -6  dBm 


{>=Kx> 


/—\ 


-15  dBm 

-7  dBm 


A2:  G  =  +20  dB 

+12  dBm 


CPL 


BPF2 

CF  =  435  MHz  /  BW  =  50  MHz 


A3:  G  =  +40  dB 
PD10  .17  dBm  ^  +23  dBm 

Transmit 
Antenna 


I - £>— ► 


10  MHz  REF 


Al:  G  =  +20  dB 


BPF1 

CF  =  595  MHz  /  BW  =  20  MHz 


Fout:  595  MHz  ±  10  MHz 


LO  (RF  Synthesizer  Module ) 


B.  Second  IF  Stage 

Figure  10:  Up-converter  Schematic. 
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Table  2:  Transmit  Channel  Component  List. 


ID 

Name 

Part  Number 

Source 

Cost 

A1 

Low  Nosie  Amplifier 

LNA-1400 

RF  BAY,  Inc. 

$170 

A2 

Low  Noise  Amplifier 

LNA-1400 

RF  BAY,  Inc. 

$170 

A3 

Power  Amplifier 

MPA-450 

RF  BAY,  Inc. 

$500 

BP1 

Bandpass  Filter 

5B2-595-20-S11 

REACTEL Inc 

$414 

BP2 

Bandpass  Filter 

3B120-435/T50-0/0 

K&L  Microwave 

$350 

Ml 

Mixer 

ZX05-1MHW+ 

Mini-Circuits 

$40 

CPL 

Coupler 

ZEDC-15-2B 

Mini-Circuits 

$65 

LO 

LO/RF  Synthesizer 

TPI  Synthesizer 

Trinity  Power  Inc. 

$280 

PD10 

Attenuator 

VAT-10+ 

Mini-Circuits 

$14 

SPL1 

RF  Splitter 

ZD4PD1-500-N+ 

Mini-Circuits 

$95 

Total  Cost/Channel: 

$2098 

While  only  four  transmit  channels  are  utilized  in  this  experimental  set-up,  the  design  can 
just  as  easily  be  expanded  to  accommodate  N-channels  by  simply  multiplying-up  the  number  of 
transmit  circuit  boards.  In  this  case  the  required  four  channels  were  assembled  and  attached,  in 
parallel,  to  a  mounting  plate  as  shown  in  Figure  11. 


Figure  11:  RF  Up-conversion  (2nd  Stage)  Circuitry. 
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3.5  Four  Element  Array  Antenna 

A  simple  four  element  transmit  array  antenna  was  constructed  to  facilitate  FDA  field  testing. 
The  array  elements  consist  of  folded  dipoles  (Telewave  Inc.,  ANT405D) ,  designed  for  operation 
in  the  406  MHz  to  512  MHz  frequency  range,  which  are  mounted  to  an  aluminum  trust  support 
structure.  Element  spacing  is  roughly  >2  wavelength  or  27  inches.  A  mechanical  drawing  of  the 
array  antenna  is  provided  in  Figure  12.  A  photograph  of  the  field  installation  is  provided  in 
Figure  13.  The  structural  design  can  easily  be  extended  to  accommodate  increased  aperture 
size  i.e,  larger  element  spacing,  and  greater  number  of  elements. 


Figure  12:  Four-Element  Array  Transmit  Antenna. 


Figure  13:  Fielded  FDA  Antenna. 


Approved  for  Public  Release;  Distribution  Unlimited. 
11 


4.0  Results  and  Discussion 

Measurements  were  made  to  characterize  the  performance  of  the  Waveform  Generator  and  RF 
Synthesizer  modules.  Performance  results  are  presented  in  the  sections  that  follow. 

4.1  Waveform  Generator  Performance 

Two  waveforms  will  be  used  during  the  initial  set  of  sets:  a  continuous  wave  (CW),  and  a 
unmodulated  CW  pulse.  The  complexity  of  the  waveform  i.e.,  the  form  of  modulation  used,  is 
limited  by  the  capabilities  of  the  T346  waveform  generator.  Synchronization  of  the  transmitter 
and  receivers  is  accomplished  using  of  1PPS  signals  generated  by  collocated  GPS  units.  Figures 
14  through  16  show  oscilloscope  measurements  made  of  typical  pulse  waveforms  produced 
using  the  T346  waveform  generator  and  33250A  function  generator.  In  each  case  the  upper 
signal  trace  is  that  output  by  the  T346  waveform  generator  while  the  lower  signal  trace  is 
generated  using  the  33250A  function  generator.  The  function  generator  output  is  used  to  both 
as  a  trigger  and  a  gate  which  allows  for  variable  pulse  widths  and  a  pulse  repetition  frequency 
greater  than  one  Hz.  The  instantaneous  bandwidth  of  the  instrumentation  is  5  MHz  allowing 
for  use  of  200  ns  pulses  which  is  achievable  using  the  T346  unit.  The  measured  triggering  delay 
is  approximately  200  ns. 
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Figure  14:  Waveform  Generator  5Mhz  One  Shot  Pulse  Output. 
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25-Feb-15  05:22 


Figure  15:  Waveform  Generator  5  MHz  Gated  CW  Pulse. 
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Figure  16:  Waveform  Generator  High  PRF  3-Pulse  Burst  Waveform. 
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4.2  RF  Synthesizer  Performance 

A  low-cost  RF  synthesizer  unit  is  used  as  the  local  Oscillator  (LO  =  595  MHz  ±  N  AF  )  for 
frequency  shifting  the  160  MHz  intermediate  frequency  (IF)  signal  to  435  MHz  ±  N  AF. 
Measurements  were  made  to  determine  signal  harmonics  generated  as  well  as  the  unit's  phase 
noise  level.  The  spectrums  of  the  unfiltered  (595  MHz)  signal  output  is  shown  in  Figure  17  with 
harmonics  clearly  present  at  1190  MHz  and  1785  MHz. 


Spectrum  Analyzer  Data 
Captured  (2/26/2015  5:47:05  AM) 
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Figure  17:  TPI  Synthesizer  RF  Output/Unfiltered. 


A  passband  filter  centered  at  595  MHz,  and  with  a  20  MHz  3dB  bandwidth,  is  used  to 
reduce  the  harmonic  signal  levels.  The  frequency  response  of  one  595  MHz  passband  filter  is 
shown  in  Figure  18.  The  RF  synthesizer's  filtered  output  is  shown  in  Figure  19  with  signal 
harmonics  attenuated  roughly  55  dB  which  is  found  to  be  adequate  for  performing  the 
frequency  translation  required  in  the  2nd  IF  transmit  section. 


Approved  for  Public  Release;  Distribution  Unlimited. 
14 


Start  450.0  MHz  IF  BW  100  Hz  Stop  700.0  MHz 

Points  201  Output  Power  -15.0  dBm  Swp  7.35  s 


Figure  18:  Synthesizer  Output  Filter  Measured  Frequency  Response. 
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Figure  19:  Synthesizer  Output/Filtered. 


Approved  for  Public  Release;  Distribution  Unlimited. 
15 


Phase  Noise  at  595  MHz  was  measured  using  a  spectrum  analyzer  with  the  resolution 
bandwidth  set  to  1  kHz  and  with  the  instrument's  Max-Hold  setting  turned  on.  As  indicated  in 
Figure  20,  the  noise  level  at  both  the  10  kHz  and  20  kHz  markers  is  roughly  58  dB  below  that  of 
the  carrier  frequency's  spectral  peak.  This  terms  of  spectral  density  this  would  be  -88  dBc/Hz 
(i.e.,  given  that  the  Resolution  Bandwidth  in  dB  =  10  log  1000  Hz  or  30  dB  Hz  and  subtracting 
this  number  from  -58  dBc  yields  -88  dBc/Hz).  The  manufacturer  provides  a  Phase  Noise  figure 
equal  to  -89  dBc/Hz  (measured  at  2.4  GHz).  By  contrast,  published  data  for  low  phase  noise 
signal  source  (see  Figure  21)  indicates  that  the  synthesizer's  -88  dBc/Hz  figure  is  rather  high. 


Spectrum  Analyzer  Data 
Captured  (2/26/2015  7:03:04  AM) 


Spectrum  Analyzer 


Figure  20:  RF  Synthesizer  Phase  Noise  Measurement. 


Figure  21:  Low  Phase  Noise  Signal  Source  Comparison  [6]. 
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Given  the  relatively  high  phase  noise  level,  a  measurement  was  made  to  determine  the 
stability  of  the  synthesizer's  output  over  a  longer  time  interval.  The  synthesizer  was 
programmed  to  output  a  595.002  MHz  signal  which,  in  turn  was  sampled  using  a  frequency 
counter.  A  total  of  400,000  samples  were  taken  over  an  eight  hour  period.  The  measurement 
set-up  is  illustrated  in  Figure  22  and  results  are  plotted  in  Figure  23. 


FS730/1 10MHz  Distribution  Amp 


Figure  22:  RF  Synthesizer  Long-Term  Stability  Measurement  Set-Up. 


F  =  595.0019999776  MHz 


Figure  23:  Synthesizer  Statistics  at  595.002  MHz. 


4.3  GPS  1PPS  and  10  MHz  Signal  Timing  Comparison 

A  measurement  was  made  to  determine  the  comparative  time  delay  difference  between  to 
different  GPS  units.  The  transmitter  and  receiver  instrumentation  utilize  a  GPS  generated  1PPS 
for  synchronization  of  the  data  collections.  The  transmitter  employees  a  Trimble  Tiny-T  GPS 
unit  while  each  of  the  receiver  units  make  use  of  Trimble  SMTx  GPS  units.  The  basic 
measurement  set-up  is  illustrated  in  Figure  24.  Each  unit's  operating  statics  were  monitored 
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using  manufacturer  supplied  software.  A  screen  capture  showing  the  GPS  units'  operating 
statistics  is  shown  in  Figure  25. 


Figure  24:  GPS  1PPS  Signal  Timing  Comparison. 


Figure  25:  GPS  Reports  GUI  Screen  Display. 
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In  this  instance  the  oscilloscope  was  configured  to  measure  the  difference  (channel  -l's 
input  minus  channel-2's  input)  between  the  two  input  signals  as  indicated  in  Figure  26  by  the 
red  (or  "MATH"  output)  trace.  A  long-term  measurement  was  made  over  a  ten  hour  period, 
with  the  oscilloscope's  display  persistence  level  set  to  infinite.  The  result  is  presented  in 
Figure  27. 


Will  hlVVT  wl  lb  blVV  T  1*1  IV IVII# 
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Figure  26:  Comparison  of  Two  GPS  Units'  1PPS  Signal. 
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Figure  27:  Measured  1PPS  Time-Delay  Difference  For  Two  Dissimilar  GPS  Units. 


Measurements  were  made  to  determine  the  relative  phase  offset  the  10  MHz  signals  generated  by  the 

GPS  and  Frequency  Standard  units.  The  test  set-up  is  illustrated  in  Figure  28.  Results  are  presented  in 

Figure  29.  One  observation  worth  noting  is  that  the  amount  of  deviation  was  impacted  by  the  number 

of  satellites  being  tracked  as  well  as  the  mix  of  satellites. 
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Figure  28:  Frequency  Standard  10  MHz  Stability  Measurement  Set-Up. 
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B.  Four  satellites  tracked  by  GPS. 

Figure  29:  GPS  vs  Frequency  Standard  10  MHz  Relative  Phase  Change. 
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4.4  Frequency  Standard  Performance 

The  performance  of  the  10  MHz  reference  is  critical  to  the  stability  of  the  transmitter  and 
impacts  the  ability  to  accurately  synchronize  the  transmitter  and  two  receivers.  Measurements 
were  made  to  characterize  the  10  MHz  signal  generated  by  the  Frequency  Standard  and  the 
GPS  units. 

A  measurement  was  made  to  determine  the  stability  of  the  Frequency  Standard's 
10  MHz  output  over  a  longer  time  interval.  Figure  30  illustrates  the  test  set-up.  A  total  of 
400,000  samples  were  taken  over  an  eight  hour  period.  Measurement  results  are  presented  in 
in  Figure  31.  Two  observations  are  noted:  there  are  a  small  number  of  outliers  at  the  lower 
frequencies,  and  the  distribution  has  a  small  tail  at  the  higher  frequencies. 


KeySight 
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Figure  30:  Frequency  Standard  10  MHz  Long  Term  Stability  Measurement  Set-Up  I. 


F  =  9.99999999994320  MHz 


Figure  31:  Frequency  Standard  Statistics  at  10  MHz  Self-reference. 
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A  measurement  was  made  to  determine  the  stability  of  the  GPS  unit's  10  MHz  output 
over  a  longer  time  interval.  In  this  case  the  10  MHz  reference  for  the  frequency  counter  was 
sourced  from  the  Frequency  Standard.  Figure  32  illustrates  the  test  set-up.  A  total  of  400,000 
samples  were  taken  over  an  eight  hour  period.  Measurement  results  are  presented  in 
Figure  33. 
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Figure  32:  Frequency  Standard  10  MHz  Long  Term  Stability  Measurement  Set-Up  II. 


F  =  9.99999999976780  MHz 


Figure  33:  GPS  Statistics  at  10  MHz  with  Frequency  Standard  10  MHz  Reference. 

Measurements  were  made  to  determine  the  time  delay  associated  with  the  1PPS  signal  output 
by  the  Frequency  Standard  (SRS  FS572).  The  measurement  set-up  is  illustrated  in  Figure  34.  A  screen- 
capture  of  the  oscilloscope  output  is  provided  in  Figure  35.  A  screen  capture  of  the  FS752's  statistics 
reports  output  is  provided  in  Figure  31.  The  objective  of  this  measurement  was  to  determine  whether  or 
not  the  FS752's  time-tag1  (TT)  data  could  be  used  to  make  more  accurate  time  delay  measurements 
given  the  uncertainty  (i.e.,  jitter)  associated  with  the  GPS  1PPS  signal. 


1  The  value  of  the  time-tag  (TT)  represents  the  time  difference  in  nanoseconds  between  the  input  1PPS  pulse  and 
the  1PPS  output  pulse.  In  other  words,  the  time-tag  indicates  that  the  most  recent  1PPS  input  arrived  some 
number  of  nanoseconds  after  the  1PPS  output. 
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Input 


Figure  34:  Frequency  Standard  1PPS  Delay  Measurement  Set-up. 


The  1PPS  from  the  GPS  unit  is  used  as  the  trigger  (channel  1)  for  the  oscilloscope  measurement. 
The  pulse  distortion  of  the  1PPS  trigger  signal  is  due  to  an  impedance  mismatch  attributed  to  the  use  of 
a  BNC-T  connection  to  feed  both  the  Frequency  Standard's  (50  Ohm)  input  and  the  oscilloscope's  high 
impedance  input.  No  50  Ohm  terminations  were  available  in  the  laboratory  at  the  time  of  this 
measurement  was  made  -  how  sad!  The  resultant  variation  in  signal  amplitude  level  made  setting  of 
the  proper  threshold  level  problematic.  As  a  result  the  threshold  level  was  set  at  3  v  dc  -  which  was 
above  the  required  2.5  v  dc  level  recommended  by  the  unit's  manufacturer.  The  1PPS  signal  re¬ 
generated  by  the  FS752  is  input  on  channel  2  as  indicated  in  Figure  34. 

A  cursor  was  placed  at  the  expect  time  delay  of  approximately  8.4  ns  (with  respect  to  the 
triggering  delay  time).  This  value  was  calculated  using  the  respective  cable  delays  (Cable  A  +  Cable  B  - 
Cable  C  =  6.4  ns)  and  the  manufacturer's  stated  expected  internal  delay,  as  measured  using  reported 
time-tag  data,  which  is  roughly  2  ns.  Delay  of  the  FS752  1PPS  was  monitored  along  with  the  reported 
time-tags  (indicated  as  parameter  TT  under  the  1PPS  Control  column)  as  provided  on  the  unit's  statistics 
reports  computer  monitoring  screen.  Visual  indication  showed  that  the  reported  time-tag  and  the 
measured  time  delay  (relative  to  the  cursor  at  8.2  ns)  where  roughly  within  +/-  3  ns  of  each  other. 
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Figure  35:  Frequency  Standard  1PPS  Delay  Measurement. 
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Figure  36:  Frequency  Standard  Operating  Statistic  Screen. 
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A  measurement  was  made  to  determine  the  stability  of  the  Frequency  Standard's  1  PPS 
output  over  a  longer  time  interval.  Figure  37  illustrates  the  test  set-up.  A  total  of  5900 
samples  were  taken  over  an  eight  hour  period  (with  sample  gate  set  to  seven  seconds). 
Measurement  results  are  presented  in  in  Figure  38.  The  manufacturer  states  [10]  that  the 
1  PPS  output  has  less  than  1  ns  of  jitter.  This  was  confirmed  by  the  measurement  results  with 
few  outlier  samples  reported  outside  the  1  ±  0.5  x  10'9  s  interval.  One  other  observation  is  that 
the  distribution  is  neither  uniform  nor  Gaussian.  The  distribution  has  a  central  tendency  about 
the  one  second  (1  Hz)  mark  with  two  other  modes  at  roughly  1  ±  2.75  x  10  ‘9  s.  One  conjecture 
is  that  this  affectation  is  attributed  to  the  set-points  used  in  the  phased-locking  control 
circuitry. 
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Figure  37:  Frequency  Standard  1PPS  Long  Term  Stability  Measurement  Set-Up. 
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Figure  38:  Frequency  Standard  Statistics  1  PPS. 


Approved  for  Public  Release;  Distribution  Unlimited. 
25 


5.0  Conclusions 


The  primary  objective  of  this  work  was  to  perform  basic  bench-top  performance  measurements 
of  COTS  system  components  for  use  in  an  FDA  antenna  designed  for  communication 
experimentation.  Given  the  short  duration  of  the  effort,  and  the  lack  of  resources,  it  was  not 
possible  to  complete  an  exhaustive  evaluation  of  operating  performance.  Testing  of  low-cost 
components,  that  included  a  waveform  generator,  signal  synthesizer,  and  GPS  timing  units 
were  carried  out.  Test  data  indicates  that  the  system  components  are  of  sufficient  quality  to 
allow  for  preliminary  field  testing  of  the  proposed  FDA  design. 
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7.0  List  Of  Symbols,  Abbreviations,  and  Acronyms. 


COTS 

Commercial-Off-The-Shelf 

CW 

Continuous  Wave 

dB 

Decibel 

dBc 

Decibel  below  Carrier 

DDS 

Direct  Digital  Synthesizer 

FDA 

Frequency  Diverse  Array 

GPS 

Global  Positioning  System 

Hz 

Hertz 

IF 

Intermediate  Frequency 

LPI 

Low  Probability  of  Intercept 

MHz 

Mega-Hertz 

PPL 

Phase  Locked  Loop 

PPS 

Pulse  Per  Second 

PRI 

Pulse  Repetition  Interval 

PRF 

Pulse  Repetition  Frequency 

RF 

Radio  Frequency 

USB 

Universal  Serial  Bus 

WG 

Waveform  Generator 
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Appendix  A:  RF  Synthesizer  Comparison 


Device 

Phase  Noise 

Jitter 

Trinity  Power  Incorporated 
(TPI) 

RF  Signal  Generator 
Cost/Channel  =  $280 

595  MHz,  10  kHz  offset  <  -88  dBc/Hz 

2.4  GHz,  10  kHz  offset  <-89  dBc/Hz 

<  0.4  ps  rms 

Holzworth  HS9000 

Multi-Channel  RF  Synthesizer 
Cost/Channel  =  $5,100 

100  MHz,  10  kHz  offset  <  -153  dBc/Hz 
500  MHz,  10  kHz  offset  <  -139  dBc/Hz 

1.0  GHz,  10  kHz  offset  <-133  dBc/Hz 

2.0  GHz,  10  kHz  offset  <-127  dBc/Hz 

3.0  GHz,  10  kHz  offset  <-123  dBc/Hz 

4.0  GHz,  10  kHz  offset  <-121  dBc/Hz 

6.0  GHz,  10  kHz  offset  <-117  dBc/Hz 

155  MHz,  60  fs 

622  MHz,  61  fs 

2.488  GHz,  55  fs 

Agilent  N5181A  501 

RF  Analog  RF  Generator 

9  kHz  to  1  GHz 

Cost/Channel  $7,830 

«  riRrrr-i  %*1I lit  ? 

m  m  4 1  *4*««4«* 

•  L  ]  ~  * 

1.0  GHz,  20  khz  offset  <  -146  dBc/Hz 

Stanford  Research  SG382 

RF  Signal  Generator 

2GHz 

Cost/Channel  $  3900 

4 g# -  :  :.0Fi0n0rn0i?it  - . 

10  MHz,  10  kHz  offset  <  -135  dBc/Hz 

100  MHz,  10  kHz  offset  <  -118  dBc/Hz 

1.0  GHz,  10  kHz  offset  <-108  dBc/Hz 

2.0  GHz,  10  kHz  offset  <-105  dBc/Hz 

<  300  fs  rms 

EM  Research 

Frequency  Synthesizer 
Cost/Channel  $  800 

V*  .  * 

ytc 

4.0  GHz,  10  kHz  offset  <  -105  dBc/Hz 

Table  3:  RF  Synthesizer  Cost  Comparison. 
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Holzworth  HS9000 Series  Multi-channel RF Synthesizer-  provides  up  to  eight  independently 
tunable  synthesizer  channels  in  a  single  1U  chassis.  Figure  39  shows  an  eight  (8)  channel  unit. 
The  system  configuration  outlined  herein  calls  for  a  four  (4)  channel  unit  which  is  available  as  a 
specified  option.  The  cost  of  a  four  channel  unit  is  $23,000.  However,  numerous  configurations 
are  available  which  will  impact  the  final  price  of  the  unit. 

Reference:  http://www.holzworth.com/svnthesizers-multi.htm  . 


A.  HS9000  Series  Unit 


CHANNEL  1 
OUTPUT 


CHANNEL 2 
OUTPUT 


CHANNEL  N 
OUTPUT 


USB  COMM 


100MHz  FIXED 
REF.  OUT 
10/IOOMHz 
REF.  IN 

10MHz  FIXED 
REF.  OUT 


AC  POWER 
INPUT 


ETHERNET  COMM 
(w/ Part  No.  HCM5) 


B.  Functional  Diagram 
Figure  39:  Multi-Channel  RF  Synthesizer. 
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